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The detection of a single quantum of energy with high efficiency and low false positive rate is
of considerable scientific interest, from serving as single quantum sensors of optical and infra-red
photons to enabling the direct detection of low-mass dark matter. We report the first experimental
demonstration of magnetic avalanches induced by scattering of quanta in single-molecule magnet
(SMM) crystals made of Mn12-acetate, establishing the use of SMMs as particle detectors for the
first time. While the current setup has an energy threshold in the MeV regime, our results motivate
the exploration of a wide variety of SMMs whose properties could allow for detection of sub-eV
energy depositions.
It is scientifically challenging to develop sensors that
can detect energy depositions as low as ∼ 10 meV with
high efficiency and low false positive (or dark count)
rates. Sensors with this capability can be used to count
single quanta of infra-red photons, a technical feat that
has broad applications to many fields [1–3], including
quantum computing [4, 5]. Such single-quantum sen-
sors [6, 7] may also open a path towards the detection
of the scattering or absorption of low mass (sub GeV)
dark matter particles. This is a theoretically well moti-
vated region of dark matter parameter space that has so
far not been well explored [8–10]. The detection of small
energies can be accomplished through the use of an am-
plification technique that magnifies the effect of the ini-
tial energy deposition[11–13]. Recently, it was proposed
that a high-gain, low-threshold detector that can detect
energies as low as 10 meV but with a low false positive
rate could be realized in single crystals of single-molecule
magnets (SMMs) [14].
First discovered nearly 30 years ago [15], these unique
compounds exhibit magnetic bistability and a barrier to
magnetization reorientation, which can lead to phenom-
ena such as magnetic hysteresis at low temperatures. Ap-
plication of a static magnetic field lifts the degeneracy
of the molecular magnetic ground state, giving rise to a
metastable state that can persist for several months at
cryogenic temperatures. As such, these molecules have
garnered substantial interest for potential applications
including spin-based electronics [16] and quantum com-
puting [17]. While in this metastable state, certain single-
molecule magnets can also undergo a rapid and complete
reversal of their magnetization, resulting in the release
of their Zeeman energy in a process known as a mag-
netic avalanche[18–21]. Magnetic avalanches have been
studied in detail in the archetypal single-molecule mag-
net Mn12O12(O2CCH3)16(H2O)4 (Mn12-acetate, Figure
1) [15], triggered by mechanisms such as supplying en-
ergy via surface acoustic waves [22], direct heating of
one side of a crystal [23], or sweeping the external mag-
netic field to directly alter the stability of the metastable
state [18]. In principle, a magnetic avalanche could also
be triggered by small, localized energy depositions as re-
cently proposed [14] (Figure 1), enabling the use of single-
molecule magnets as detectors for impinging particles or
radiation in a manner analogous to superheated bubble
chamber particle detectors [24].
Herein, we report the first experimental demonstra-
tion [25] of a magnetic avalanche triggered by α par-
ticle scattering in crystals of Mn12-acetate. While the
energy threshold of our particular setup is on the order
of MeV, our results offer the first experimental proof-of-
concept for the use of single-molecule magnets as single
quantum sensors. These molecular magnets are set apart
from other candidate sensors in the literature as a result
of their unparalleled chemical tunability, and thus they
have the potential to afford access to a versatile, tunable
platform for next-generation quantum sensors, including
for the detection of dark matter.
The particle detector setup, illustrated in Figure 2,
features two 3 × 3 × 3 mm3 crystal sample holders and
thermal links made from oxygen-free, high-conductivity
copper to ensure a diamagnetic background and optimal
heat conduction. The crystal holders are mounted sym-
metrically and each has its own Hall sensor, so that par-
ticles can be detected in one crystal sample while the
other is used as a control. Each Hall sensor is in close
ar
X
iv
:2
00
2.
09
40
9v
2 
 [p
hy
sic
s.i
ns
-d
et]
  2
4 M
ay
 20
20
2proximity (∼ mm) to the exposed faces of the crystals to
maximize the magnetic signal sensitivity, while thermally
isolating it to ensure that Joule heating will not warm the
crystals. Each holder can accommodate a dozen Mn12-
acetate crystals (∼2 mm long and 0.5-1 mm wide, as
prepared [26]), which are held in place and connected to
a heat sink using epoxy resin. Importantly, the molecules
crystallize such that the long dimension is aligned with
the molecular easy axis – that is, the axis along which
the crystals are readily magnetized. In our experiments,
the Mn12-acetate crystals were physically aligned in the
direction of the external magnetic field in order to max-
imize the signal. Cooling in this setup is afforded via a
connection to a 3He cryostat, and all experiments were
conducted with the sample holders at 1.8 K, as mea-
sured by a silicon diode thermometer mounted nearby.
The cryostat is equipped with a superconducting mag-
net that can generate magnetic fields as high as 40 kG,
and appropriate controls are available to scan the mag-
netic field at preset rates. Given the sizes of the crystals
used in this study, the change in the magnetic field near
the Hall sensors caused by a magnetic avalanche can be
up to 200 G. The Hall sensors were tested to ensure good
linearity in the field range of 0-30 kG and for noise levels
as high as 20 G, sufficient for the purposes of this work.
The 241Am source used in this setup emits α parti-
cles with kinetic energy of 5.486 MeV. Care was taken
to ensure that the epoxy in the upper sample (called
source sample) did not cover the faces of the crystals that
FIG. 1. Conceptual illustration of a single-molecule
magnet-based particle detector. A crystal of the single-
molecule magnets is first polarized at high temperature (3 K
for Mn12-acetate) and the magnetic field is then reversed after
cooling to cryogenic temperatures. a) an interaction deposits
some energy at a crystal site, b) the deposited energy locally
heats the crystal, causing some of the spins to relax, releas-
ing their Zeeman energy, c) the released energy further heats
the crystal locally, causing nearby spins to also relax, d) The
avalanche process continues until the whole crystal relaxes,
with a measurable change in the crystal magnetization.
Thermal link
to the fridgeHall sensor
241Am
H
SMM in
 epoxy
FIG. 2. Schematic view of the experimental setup.
Crystals of Mn12-acetate were mounted onto two sample hold-
ers connected to the same heat sink, each equipped with an
independent Hall sensor. An 241Am α source was situated
below the upper sample holder (Source), directly facing the
crystals within. The crystals inside the lower sample holder
(Control) were fully covered by epoxy and shielded from the
source.
were directly exposed to the source. In the lower sample
(called control sample), the crystals were shielded from
the α particles by the copper plate separating the source
and the bottom sample holder. Thus, particle-triggered
avalanches were expected to occur only in the sample
holder exposed to the source. At cryogenic temperatures,
it was expected that the metastable state of Mn12-acetate
would be sufficiently long-lived for meaningful data col-
lection (on the order of a few months [14, 27]). Addi-
tionally, the low activity α particle source is expected to
produce a low enough rate of less than one per minute to
leave substantial time to assess noise in the cryostat that
is correlated in the two channels.
Prior to data collection, the crystals were initialized
by first heating with a resistor and then the external
magnetic field was ramped from 0 to +10 or -10 kG.
The threshold to trigger an avalanche in Mn12-acetate
depends on the field and is difficult to estimate under
our conditions, largely because the thermal conductivity
of the crystals in the epoxy is unknown. As such, for
subsequent data collection, the field was then either set
to 0 G and continuously ramped to increasing reverse
values or reversed and held at discrete values while the
Hall probes were monitored for avalanches. In the latter
scenario, the reverse field was set to the given value by
ramping in small discrete steps, and then the sample was
held at this value for 6 to 10 min. If no avalanche signal
was observed, the reverse field was increased by 100 G
and held again for 6 to 10 min, and this process was
repeated until a signal was observed. A total of four
continuous field scan experiments and seven discrete step
experiments were carried out. Prior to each run, the
crystals were initialized as described above.
During each of the four continuous field scans (sweep
3rate of 2.1 G/s), an avalanche event was observed be-
tween 5100 and 6150 G in the crystals exposed to the
241Am source. In contrast, no avalanche was observed
in the control sample. Representative data from one of
these experiments is shown in Figure 3. The magnetic
field jump for each avalanche ranged from 120 to 140 G
for each scan, consistent with that expected given the
size of the Mn12-acetate crystals used here.
Similar results were obtained when ramping the mag-
netic field in discrete steps and holding the field constant.
Avalanches were observed in six of seven scans for the
source sampleonce while the field was held constant (see
Figure 3b) and on five other runs while ramping the field
to a constant value. The maximum reversed field applied
in the run without any observed avalanche was 5000 G,
which might have prevented the detector from reaching
the desired threshold for avalanche production. For these
scans, the magnetic field threshold was ca. 4500–6300 G.
The signal was observed clearly above the noise level.
Again, no avalanche occurred in the control sample un-
der these conditions.
In all 10 runs that resulted in an avalanche, this pro-
cess occurred only once for the source sample in each run,
indicating that all molecules in the sample underwent a
spin flip each time an avalanche occurred. Also, in all
cases the magnetic field jumps were abrupt (occurring
in less than 1 s) and comparable to those observed in
the literature[18, 28] for magnetic avalanches triggered
in single-molecule magnets by other means. Moreover,
given the stability of the control sample, we can be con-
fident that other magnetic relaxation pathways, such as
resonant quantum tunneling, do not play a role at these
temperatures. We note that it was possible to trigger a
field-induced avalanche in the control sample by sweep-
ing the magnetic field to higher magnitudes following the
avalanche in the source sample. All together, these data
strongly support the presence of magnetic avalanches in
the Mn12-acetate crystals induced by the absorption of
α particles.
To further support this conclusion, after each run,
we measured the field change in the source and con-
trol sample while they were demagnetized with heating
(see Figure 4). As expected, the samples exhibited oppo-
site changes in field during demagnetization for the runs
where only the source sample underwent an avalanche.
This change is expected, given that both sets of crys-
tals were initially magnetized by the same field, but only
the source sample experienced spin reversal due to an α
particle-induced avalanche. In contrast, for the two runs
where a field-induced avalanche was also triggered in the
Control, the samples exhibit like changes in field dur-
ing demagnetization. We also note that the Hall sensor
reading for the demagnetization (a change in the mag-
netization from −M to 0) of the source crystal sample
was ∼ 60 G (20–60 G for the ten runs), approximately
half of the value of the full magnetization reversal in an
FIG. 3. Example of an α particle induced avalanche
observed in Mn12-acetate. a) Avalanche observed using a
continuous reverse field ramp. The change in magnetization
occurs in less than 1 s. There is no signal in the control sample
at the time of the avalanche. The difference in the calibrated
magnetic fields in the experimental and control Hall sensors
is due to the slightly different locations of the samples in the
cryostat. b) A particle-induced avalanche was also observed
when the field was held at a constant value, after scanning the
field in small discrete steps. Again, no signal was observed
in the control sample at the time of the avalanche. The slow
increase in the Hall probe signal in both Source and Control
sample is due to the external field ramp up, whereas the sharp
change is due to a magnetic avalanche that occurs in less than
1 s.
avalanche (+M to −M) as expected. Some runs had
lower demagnetization values, which could be due to the
crystals being partially demagnetized while the reverse
field was quickly reduced to zero. We note that the
probability that the observed transitions are due to some
random phenomenon common to the two samples (e.g.,
vibrations, electrical glitches, unstable temperature, or
background radiation) can be estimated (using standard
Poisson statistics) from the control channel and is negli-
gible.
The foregoing results definitively show that magnetic
avalanches in crystals of Mn12-acetate can be triggered
4by the absorption of elementary particles, with a thresh-
old lower than 5.486 MeV for α particles and the values of
magnetic field and temperature reported here. We note
that the experimental energy detection threshold deter-
mined here for Mn12-acetate is high compared to the 10
meV threshold desired for single infra-red photon or dark
matter [29]. There is considerable room for exploration
in this area. The expected threshold for an avalanche in
single-molecule magnets depends on many parameters,
such as its molecular mass, thermal properties, and en-
ergy barrier. To develop lower threshold detectors, we
will explore a large number of available single-molecule
magnets known to exhibit magnetic avalanches, optimiz-
ing on the magnet’s energy barrier and thermal conduc-
tivity to achieve low thresholds while ensuring stability.
Rigorous analysis will require determination of the spe-
cific heat capacities and thermal conductivities of candi-
date systems to better identify systems with appropriate
threshold energies for detection of particles of various en-
ergies.
Given the metastability of the excited Zeeman state in
single-molecule magnets at cryogenic temperatures, these
molecules could act as high efficiency, low dark count
single photon detectors for infrared photons. As dark
matter detectors, they could search for the absorption of
meV scale dark photons or the scattering of keV to MeV
mass dark matter particles. Importantly, such molecu-
lar arrays should be sensitive to localized energy depo-
sitions. This property is important to ensure the sup-
pression of backgrounds caused by electron scattering,
wherein the same energy would be deposited in larger
regions with a density that is insufficient to trigger the
magnetic avalanche. Moreover, through the use of preci-
sion magnetometers, it may also be possible to identify
the location of the scattering event in a bulk volume, so
that surface events can be identified, enabling the demar-
cation of a low background fiducial volume in the bulk.
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FIG. 4. Demagnetization of Mn12-acetate crystals fol-
lowing observation of an avalanche in the source sam-
ple. The sign for the source and the control sides are opposite,
as expected. The amplitude of the transition for the crystals
on the source side is 60 G, consistent with approximately half
the value measured in an avalanche. The small difference
in the absolute value of the demagnetization for the source
and the control sample is consistent with the uncertainty in
the size of the crystals and the relative positions of the Hall
probes.
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